BACKGROUND: Experimental data were used to study the impact of pH and organic matter on soil pollution indices, with the view to express them as a function of the above two variables.
INTRODUCTION
The industrial and technological progress which has taken place during the last 50 years, has undoubtedly contributed to the economic advancement of modern societies as well as to their well-being. Yet, at the same time it has also created a multitude of problems related to human health risk and their quality of life. The byproducts of anthropogenic activities on a global level have contributed large quantities of toxic heavy metals, which have accumulated in soils, in surface and underground waters, and in the atmosphere 1 leading to toxic effects on humans, plants and animals.
The sources of heavy metals in soils are natural and anthropogenic. According to Kabata Pendias, 2 the natural sources include elements inherited directly from the lithosphere (lithogenic elements). Also there are the pedogenic elements, which are of lithospheric origin, but their concentration and distribution in soil layers and in soil particles are changed due to pedogenic processes. The anthropogenic elements are those which are deposited into the soils as a direct or indirect result of human activities. The natural sources include rock weathering, mineral breakdown, plant remains (debris), irrigation water, atmospheric deposits, seawater, while the anthropogenic sources include wastewaters, biosolids, metallurgical operations, smelters, mine tailings, fertilizers, agricultural chemicals, pesticides. 3 The heavy metals originating from the above sources, accumulate in the soil over time, and as a result polluted soils are formed. This accumulation has a very strong impact on the environment. It does not only affect human beings, animals and plants, but also soil organisms, 4 affecting especially their activities, as well various soil processes dependent on the soil microorganisms, such as breakdown of organic matter, nitrification, denitrification, nitrogen fixation of legumes, mineralization of organic matter and the biotic processes. 5 Due to the extensive distribution of heavy metals in the terrestrial environment, 1 and consequently due to soil pollution covering so many sites globally, 3 this problem has become an important issue, as it is directly related to human health risk and to environmental quality.
Regarding the soil, toxic metals have accumulated and polluted many areas in the world. In a survey conducted by various organizations cited by He et al., 6 universally there are 10 7 sites polluted by >50% with heavy metals, being distributed as follows: USA 10 5 sites polluted by >70%, European Union by 37%, Australia by >60%, while China has an area equal to 10 6 km 2 polluted by >80% with heavy metals. In an extensive survey conducted recently in the European Union by the LUCAS top soil survey it
The soil, being in close contact with the heavy metal sources, supplies the plant root system with these metals, and via plant uptake depending on the transfer factors (TF) 12 the metals enter into the food chain. The latter takes place in the context of the food production capacity of soils.
Efforts have been made to clarify the effect of two soil factors, i.e. pH and organic matter (OM) on the behavior of the metals, which at high concentrations may become extremely toxic, affecting adversely, the biotic system and its parameters. Their harmful effects are characterized by creating serious health problems. 13, 14 These problems become more acute and serious due to the metals being extensively distributed, covering both biotic and abiotic environments. Furthermore, soil pollution with metals becomes more problematic due to the fact that the metals are widely distributed, they present strong latency, they are non-degradable and remediated with difficulty, and the pollution caused by them is very complex. 15, 16 The mobility and plant availability of heavy metals is strongly related to their toxicity. It is controlled by various factors and mechanisms such as adsorption, desorption, which play a very important role. 17 Also, fixation is another significant factor affecting the mobility and availability of heavy metals in the soil. However, the factors which play a very important role are the pH, organic matter, and the oxidation reduction potential. 17 Bartlett et al. 18 pointed out that pH is the principal factor governing the concentration of plant available metals. Also calcium carbonate seems to have a decisive role in the mobility of heavy metals. 19, 2 It has been noted that the soil organic matter is statistically significantly related in terms of the metal availability to plants. Soil pollution can be effectively understood if quantitative information about these factors can be assessed. Generally, the assessment of soil pollution from heavy metals may be accomplished in the following ways: 6 • by sampling soil of a representative area and by soil analysis;
• by the use of commonly preferred methods for the calculation of the widely adopted Hakanson potential ecological risk; • by calculating the Nemero comprehensive index (NCI);
• by the environmental factors;
• by means of a pollution index.
Heavy metal pollution of soils is a global issue, and combating it needs systematic, effective, joint action. Critical metal levels in agricultural soils must be established for the quantitative evaluation of pollution such as those mentioned in Table 1 which are used successfully in Finland.
Standards must be established by interdisciplinary cooperation based on research work. It is also necessary that the methods used to determine the extractable forms of metals are well known. Also it is important to know whether the metal values are 'total' or 'extractable'. The latter form of metals is considered the available form to plants. The guidelines must be classified into lower and higher recommendation levels indicating the need for action if exceeded. 7 Higher concentration levels are defined by major land uses. The 'threshold' values are equally applied to all sites and indicate the need for further assessment. In cases where the background concentration is higher than the 'threshold' value, background values are considered as assessment of the 'threshold'. If the 'guideline value' is exceeded, then, the contaminated area presents 'ecological health risk'. 7 Regarding a more detailed and accurate assessment of soil pollution, various mathematical models have been suggested which can assess the level of pollution based on the heavy metal accumulation in the soil. Some of the most important ones are as follows:
a Geo-accumulation Index: this index is used to evaluate and compare current and past soil contamination using as a ref Pi the single factor pollution index which is the rate of the measured concentration of heavy metals to the standard value of the pollutants. 24 e The Pollution Load Index, (PLI) 25 with a critical value <1 suggesting lack of pollution, while >1 means the existence of pollution. Thus PLI index has been used as a reference index for the following indices. f Elemetal pollution idex. 12 g Heavy metal load. 12 h Total concentration factor (TCF). 12 The advantages of the methods e, f, g and h are that they are simple and easy to apply, and the results obtained by them reflect the contribution of each element involved in the pollution. These methods yield indices which can be used in the context of a computer program and the data needed is only the analytical results for the soil heavy metals.
Heavy metal soil pollution has been studied by a number of workers relatively satisfactorily. 1 A number of publications have appeared in recent years in international literature, and specifically in relation to pollution indices 12 for the evaluation of the soil heavy metal pollution level. [26] [27] [28] This has been progress, as the establishment of pollution indices constituted the first step towards fighting the serious problem of pollution. Unfortunately, there has not been any further development, especially with regard to the effect of soil factors on the function of the pollution indices. Soil factors, such as pH, OM, clay content, oxidation potential and in general any other factor affecting the level of the soil heavy metals, are expected to affect the pollution indices and the assessment of polluted soil as indicated by the pollution indices. This effect is very important as the indications of pollution indices are directly affected by these factors. The aspect of the metals relation to the above factors such as to the pH and organic matter affecting metal pollution indices under the effect of soil pollution has not been studied so far, in spite of its importance. Quite often in the literature, reference is made to the effect of pH and organic matter on soil heavy metals without relating quantitatively their effect on soil pollution indices. It is considered that the information on this aspect is not sufficiently available, though it is highly significant, as the pH and OM may change dramatically the value of these pollution indices and lead to unexpected results of the pollution level assessment. The present work deals exclusively with the effect of pH and OM on the pollution indices and this is the novel contribution to science. The conclusions which will be extracted are expected to more effectively describe heavy metal soil pollution.
Methodology of work
Unpublished data of Ntazala, 29 obtained from her experiment of Completely Randomized Block design with seven biosolid and five wastewater treatment combinations in four replications, i.e. (i) Control (C), (ii) 20% TMWW +80% C (iii) 40% TMWW +60% C, (iv) 60% TMWW +40% C, (v) 80% TMWW +20% C, (vi) 100% TMWW +0% C, (vii) 22.6 g/pot biosolid, (viii) 45.2 g/pot biosolid, (ix) 67.7 g/pot biosolid, (x) 90.3 g/pot biosolid, (xi) 112.9 g/pot biosolid and (xii) 100% TMWW +112.9 g/pot biosolid. The soil analysis data under the effect of these treatments have been used as basic experimental evidence for the present work. The investigation under consideration was conducted under greenhouse conditions, the plants having been grown in pots.
The basic aim of the experiment was the study and quantitative expression of the soil pollution level by means of pollution indices. Also it was intended to determine critical levels for these indices to be used effectively in actual routine practice. It must be underlined at this point that up to now the pollution indices have been expressed only as a function of the heavy metal concentration of the soil. The present experiment additionally aimed at investigating the relationship of the pollution indices to the pH and OM, with a view to accumulating more experimental information and relevant knowledge that could help to accomplish more accurate and effective assessment of the soil pollution level due to the accumulation of heavy metals in the soil via wastewater and sludge (biosolid) reuse. The reason for focusing our interest on the pH and OM will be explained below.
During previous research work with wastewater reuse and sludge conducted by the scientific team of School of Technology and Sciences of the Hellenic Open University, some attention had been focused on the relation of pH and OM to soil heavy metals. In most cases it was found that both of these parameters were negatively and statistically significantly related to the metals. In the mean time the scientific team was also working with pollution indices. Consequently it was thought that since the pH and OM affect strongly the heavy metal level in the soil, they must also affect pollution indices, which are dependent on the soil heavy metals. Therefore, these findings led us to study the effect of pH and OM on the pollution indices. We also found that other researchers have also studied the relation of pH and OM to soil heavy metals and that their results were in agreement with ours. [30] [31] [32] [33] So, this has been for us an additional impetus that lead us to the further study of the pH and OM relationship with pollution indices.
In addition, the results and conclusions obtained regarding the relationship of pollution indices with pH and organic matter were also based on the following research work: (i) relevant publications of our scientific research team, 12 (ii) 3 years experimental research work by Papaioannou 34 dealing with the determination of critical values of the pollution indices 12 and (iii) experience gained during the last 5 years dealing with the problem of soil heavy metal pollution assessment by means of pollution indices. The unpublished data mentioned above was statistically processed by means of SPSS ver. 24 and the following results were obtained.
RESULTS
The analytical data of soil heavy metal concentrations obtained during the experimental procedure under the above mentioned treatments, is given in Table 2 . It can be seen that the highest concentrations are those of Mn followed by Pb, Cu and Zn, while the concentration of all the other metals is <1 mg kg −1 . The present work was based on the following two basic procedures:
• expressing each pollution index as a function of pH or OM, respectively by means of simple regression analysis; and • expressing each pollution index as a function of both pH and OM by means of linear multiple regression analysis.
The above procedure was necessitated in order first to find out whether the relationship of the pollution indices with pH or with OM is statistically significant or not, and second, in the affirmative case, the indices could be expressed as a function of both of the above variables by means of simple linear multiple regression.
Running simple regression analysis, it was found that the pollution indices PLI, EPI, HLM and TCF were statistically significantly related to pH and OM (Figs 1 and 2, respectively) . In Fig. 1 , it is seen that all the studied indices are negatively linearly and statistically significantly related to soil pH (P < 0.000).
Similarly, in Fig. 2 it is seen that the above indices are also negatively, linearly, and significantly related to the OM, (P < 0.000).
Furthermore, careful study of the data of Table 3 which shows the regression equations of the pollution indices as a function of pH and OM reveals that not only the ANOVA of the regression, but also each one of its corresponding parameters is highly statistically significant (P < 0.000). These results led to the second step of the hypothesis: The pollution indices studied, could be expressed as a function of both pH and OM in the form of a linear multiple regression equation (Table 3) .
Based on the above results, each pollution index was in turn expressed as a function of both pH and OM by means of linear multiple regression analysis, and the new indices which were wileyonlinelibrary.com/jctb (Table 4) . To further test the revised indices (PLIn, EPIn, HMLn, TCFn) they were compared with their original counterparts (PLI, EPI, HML and TCF). 12 The relevant results are given in Table 5 . As shown in this table the results of the correlation were highly statistically significant (P = 0.000).
To further strengthen the results of the present work, a regression analysis and a paired t-test was run between the data of the revised pollution indices and the reference index PLIn, the relevant results being shown in Table 6 .
Study of Table 6 reveals that both the regression analysis and the paired t-test between these pollution indices were statistically significant, a fact that showed that the condition of high significance J Chem Technol Biotechnol (2018) (OM)-organic matter, Con = constant. n = this subscript denotes that the pollution index is the revised one being expressed as a function of pH and OM. set at the beginning of this work was fully justified, and that the original hypothesis was correct, i.e. the revised pollution indices expressed as a function of pH and OM and based on the statistical significance seem to be equally effective in assessing the soil pollution level with heavy metals and consequently they could be used in the assessment of the level of soil pollution. Therefore, there no differences regarding their effectiveness and the results so obtained by these indices are not expected to differ significantly.
DISCUSSION
The role of pH in the behavior of heavy metals in soil has been mentioned in the previous section. Furthermore the experimental results of this work have shown that the factors pH and OM play an important role in determining the values of the pollution indices. These factors seem to affect significantly the pollution indices, a fact that reflects the extent of accuracy of these indices. According to the experimental results obtained, pH and OM at high levels can even give negative values of pollution indices, meaning that wileyonlinelibrary.com/jctb the soil is not polluted. Consequently, it was concluded that the pH has a dominant role not only in the mobility and availability of heavy metals in the soil, but also on the level of soil pollution as it affects the final value of the pollution indices. A similar conclusion was drawn regarding the organic matter with its relation to the soil heavy metals, playing an important role in controlling their levels in soil. [35] [36] [37] Many other workers have shown that both pH and OM play an important role in regulating the bioavailable level of heavy metals in soil. [30] [31] [32] [33] Thus, the present experimental data, showed that the pollution indices are statistically significantly associated with the pH and OM and this finding has led our team to work with more detailed interest and with scrutiny in relation to understanding the role of organic matter in the more accurate assessment of the soil pollution level.
According to Stevenson and Cole, 38 organic matter forms complexes with metals and as a result affects significantly their level in the soil. The formation of complexes is due to the fact that the metals are polyvalent and consequently, they act as linkages between humic substances and clay minerals. Therefore, they can alter the aggregate structure and the soil properties. It has thus been supported by the above workers that the ameliorating effects on toxic metals are due to the role of organic matter which can act as a buffer. The fact that the organic matter plays an important role in controlling the soil metals, has also led to the use of organic microbial biomass as a means of assessing the level of soil contamination with heavy metals, 39 which is being considered as an indicator of the level of soil contamination. 40 Low metal contamination of soil favors significantly the microbial biomass, while acute contamination may have opposite results. Obviously, the low metal levels contribute to the increase of the microbial biomass due to their less toxic effect and to the fact that some metals at low concentration may affect favorably the growth of microorganisms.
The relation of heavy metals to organic matter has been examined carefully with the view to being used as the determining factor of the soil metal assessment. According to the experimental evidence obtained, organic matter is very closely related to the availability and mobility of the soil heavy metals. This relationship is generally negative, but occasionally it may also be positive, as well. It depends on the degree of dissociation of the organic complex. 38 Due to the binding effect of organic matter on the heavy metals, the latter has been used successfully as a means of amelioration of heavy metal polluted soils.
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The relation of pH and organic matter to pollution indices The indices are considered a useful tool for the assessment of soil pollution with heavy metals. So far, these indices have been expressed only as a function of the soil heavy metal concentration. 12, 42, 43 The statistical processing of the unpublished data during the present work showed that there is a strong negative relation between soil heavy metals, pH and organic matter. The idea of the above statistical processing aimed at statistically testing these relationships, and in an affirmative case the intention was to express it as a function of OM 42 and pH. The experimental evidence, based on unpublished data for the relationship between metal availability and pH and OM, showed that these two variables are dominant factors controlling the availability of heavy metals in the soil. 17, 44 Therefore, these relationships between the pollution indices and the OM and pH have been used as a basis for the expression of pollution indices PLI, EPI, HML, and TCF as a function of these variables. It must be mentioned that both the values of the pH and OM as shown in Table 2 are the result of the effect of the applied treatments as reported in this table. Therefore they are not due to original pH or OM treatment applied by the researcher. That is why the values of pH and OM are relatively low but strong enough to give statistically significant results and to contribute to the establishment of the mathematical models by means of multiple linear regression analysis. The relevant relationships attained are reported in Table 4 . The new pollution indices, so obtained, are considered 'revised ones'. And they could tentatively be used in actual practice as a helpful tool in assessing the level of heavy metals soil pollution. They have been tested as to their statistical significance of their regression, as well as for their separate parameters (predictors) of each equation (Table 4) . To further strengthen their significance, these indices were correlated with the data given by the calculation of PLI, which originally was used as a reference index. 12 Also, a regression analysis was run in order to find the relationship of these three revised indices EPIn, HMLn, and TCFn with their corresponding original counterpart indices. It was found that they were highly significantly related with the latter reference index (Table 5) . Finally, the regression analysis was run between each revised index, i.e. EPIn, HMLn, TCFn with the revised reference index PLIn, respectively, and a paired t-test of the above three indices with the reference index PLIn, was conducted, which gave similarly statistically highly significant results (P = 0.000) reported in Table 6 suggesting the strong relationship of the revised indices with the reference index PLIn.
The above results showed that the revised indices could probably be used as a tool for assessing the soil pollution level.
At this point it is necessary to explain why the above indices could give, with increase of pH and OM, negative values. It is necessary to understand why this negativity could happen. As is shown in Table 4 where the equations of the new revised indices are reported, all the parameters, with the exception of the constants, are negative, while the constants are positive. This means that at higher values of pH and OM high negative products are attained and their algebraic sum with the constant can exceed the latter, and consequently the value of the corresponding index will be negative. The question which arises here is: what does a negative index value mean? The answer is that given the negative effect of both pH and OM on the values of indices, it is logical to expect that the toxic effects of heavy metals in the soil is being inactivated by either precipitation, organic complex formation, adsorption, fixation by the clay minerals. Consequently, such a negative index reflects lack of pollution as the toxic effects of heavy metals are supposedly inactivated by the high pH and OM. In fact, this explanation is in line with results of the relevant research work which has been conducted universally during the last 20-30 years.
Part of this research has already been mentioned in the introduction to this paper. However, to further support the negative relation of pH and OM with the soil heavy metals it is considered necessary to give additional experimental evidence on this negative relation to completely document the explanation given above about the negative values of the indices and their meaning in relation to soil pollution level. Thus, according to the information of the scientific literature the relation of pH and of OM is negative and highly statistically significant. 45 The soil has great capacity to bind heavy metals on hydroxides, oxides, carbonates and phosphate precipitations under changing pH, and this binding increases with the increase of pH under alkaline conditions. Some oxides, such as those of Fe and Mn play an important role in the adsorption of metals which are adsorbed more strongly on the surfaces of these metals. For example, Pb is adsorbed 40 times more strongly on Mn oxides than on Fe-oxides. 46 On the other hand, under acidic conditions, the organic matter constitutes the main absorbing medium due to its high chemical affinity with the ions of the metals such as Ni. 47 Some metals, under the effect of neutral or basic pH, can form on the surface of the soil minerals layered double hydroxides (LDH). 48 The formation of these LDH, according to Peltier et al., 49 constitutes the pathway to Ni fixation. Also, CaCO 3 plays an important role in the adsorption of Ni due to the formation of a complex compound with the calcium carbonate. 50 pH seems to be the main controlling factor of Ni adsorption in oxic soils. Thus, it has been reported that low pH increases the availability of Ni, while the increase of pH decreases the level of the DTPA extractable Ni. 29 Another factor related to the mobility and availability of metals, and hence to soil pollution, is the extent of adsorption. pH has an important role in the solubility and availability of metals. For example the Cr adsorption on oxides of Al and Fe is favored by the high pH. 18 Thus the chromic ions remain immobilized in the soil at a pH 7.2 due to precipitation and adsorption. The adsorption of Cr is affected by the high pH. 51 On the other hand, in an acidic environment Cr is characterized by considerable mobility. 52 The adsorption of Cr increases with the rise of pH and with the increase of OM, with a negative effect on its availability and pollution level of soil.
Furthermore, the bioavailability of metals seems to be strongly affected by the pH, such as that of Co, which is also affected by the OM. 44 Regarding the solubility of metals, pH also plays an important role as in the case of Zn, whose solubility decreases by 100 times for each increase of pH by one pH-scale unit. 53 Decrease of pH immobilizes the solubility of Zn and consequently increases its availability to plants, and hence intensifies its participation in soil pollution. Also, increase of pH with liming decreases considerably the bioavailability of Zn and its effect on soil pollution. In well aerated soils and at pH < 5.5, the availability of Mn is highly favored. Among the factors which affect the availability of metals, pH seems to have a dominant position, followed by organic matter. Consequently the uptake of some metals such as Mn is strongly controlled by the organic matter. 54 pH is also related to the solubility of As in water. Its maximum bioavailability is at a pH <5.5 at which its maximum plant uptake occurs. Also, the binding capacity of soil for heavy metals increases with the increase of pH with the exception of As, Mo, Se, V, and Cr. With increase of pH, maximum mobility of Se occurs, while with decrease of the clay level in soil the mobility of Se increases. 55, 56 As happens with many other metals, the adsorption of Se in soil is favored by low or by very high pH and decreases between pH 2.5 and 10.0. 57 In addition, pH may play an important role in the interactions of As with the nanoparticles of soil because pH can affect the electrical load of the sorbent. 58 Maximum adsorption of As(III) takes place at pH 9, while for As(V) it is at pH varying between 4 and 5. Also pH is a factor which determines the distribution of Cu in soils, whose mobility increases with the decrease of pH and decreases with the increase of pH. 58 Based on the above extensive scientific experimental evidence, it is easily understood why the pollution indices attain negative values under the effect of increasing levels of pH and OM. And as this effect is highly statistically significant, it is logical to infer that the soil pollution decreases in the presence of high pH and organic matter, and therefore it is justified to conclude that a soil with negative pollution index is not polluted with heavy metals. 
wileyonlinelibrary.com/jctb
Critical levels of the revised pollution indices The critical levels of the revised indices, denoting lack of soil pollution, have been calculated on the basis of the regression equation associating each revised index (EPIn, HMLn and TCFn) as dependent variables with the reference index (PLIn), respectively, as independent variable, whose critical level is ≤1 denoting lack of pollution. Using the regression equations of Table 5 , representing the relationships between the revised indices and their original counterparts depicted in Fig. 3 , the critical levels for each revised index below which there is lack of soil pollution, were calculated as follows: PLIn = 0-1, EPIn = 0-0.394, HMLn = 0-12.73, and TCF = 0-2.471.
It must be underlined here that these critical values are tentative for the time being, as they have to be calibrated on the basis of percentage loss of plant yields so as to be more accurate in the assessment of soil pollution level.
CONCLUSIONS
Based on the above presentation, the following were shown:
(a) According to the experimental data obtained from the present investigation, it was shown that there is a statistically significant relationship between the pollution indices and the soil factors pH and organic matter (OM). Consequently, the pollution indices: studied, i.e. Pollution Load Index (PLI), Elemental Pollution Index (EPI), Heavy Metal Load (HML), and Total Concentration Factor (TCF), which were previously expressed as a function only of soil heavy metal concentration, have been revised and expressed as a function of pH and OM by means of linear multiple regression analysis. This result was based on the fact that both the pH and OM were statistically and significantly related to the level of immobilization and to adsorption of the soil heavy metals, a fact that is directly associated with the soil pollution level and hence with the pollution indices. (b) This above revision of the studied pollution indices, was necessitated by the urgent need to attain more realistic and actual assessment of the soil pollution level under the effect of wastewater and sludge reuse and of course under the influence of pH and OM, which indeed have a statistically significant impact on the soil heavy metals, provided that these revised indices will also be calibrated on the basis of the percentage yield loss of crops. (c) However, more research work is necessary which will include the study of additional factors that affect the soil metals, such as clay content of soil, and oxidation reduction potential, towards accomplishing more realistic indices that will accurately assess the level of soil pollution.
The above soil factors have a very strong effect on the final value of the pollution indices, a fact that so far has been ignored, and consequently the assessment of heavy metal soil pollution level which is based on the pollution indices may be considered in many cases questionable, since the latter are determined as a simple function of only heavy metals. According to the results of this work, the inclusion in the expression of the indices as a function of pH and OM, and possibly of other soil factors, may cause dramatic quantitative changes of the pollution indices values.
